As the push for a dedicated direct exoplanet imaging mission intensifies, and numerous mission concepts are drafted and refined, a growing concern has been that not enough attention has been paid to the effects of exozodiacal light. As most mission simulations have assumed uniform or smoothly varying exozodi levels, there exists a danger that a potential future planet imager will be unable to succeed in its mission due to 'clumped' exozodi. We have used our existing framework for evaluating the capabilities of direct planet imagers to simulate the effects of non-uniform exozodi on mission outcomes, including modeling the increased integration time that may be required, and the possibility of increased false positives.
INTRODUCTION
A major concern in planning direct detection planet-finding missions is whether we will be able to discern planetary signals from background noise. A major component of this noise, and one which we will have least control over, is due to exozodiacal light. Much progress has been made in modeling dust clouds 1 and simulating planet-finding missions.
2 Bringing together these two areas of research, we use a previously existing mission simulation framework to evaluate how unknown extrasolar zodiacal dust densities (exozodi) may affect mission performance, as measured by a series of science yield metrics including the total number of planetary detections, number of unique planets found, number of spectral characterizations, and total number of targets visited during the course of a mission.
In addition to considering varying exozodi levels, we also look at the problem of confusion -the generation of false positives due to reflected light from structures (e.g., 'clumped' zodi) in the extrasolar debris disks and dust clouds. These will adversely affect mission science yield as time will be wasted spectrally characterizing, or otherwise attempting to resolve, any signal that appears to be a planet. By slightly modifying the mission simulation framework, we are able to produce a rudimentary model of these events, and can draw preliminary inferences on how they will affect real mission scheduling and science yield.
SIMULATION METHODOLOGY
The simulation framework utilized in this study is described in detail in Ref. 3 , and is used to generate hundreds of end to end mission simulations (schedules of observations of a list of target stars along with their outcomes for an assumed observatory and planetary population). These are used to produce distributions of science yield metrics including the number of planets found, the number of total planetary detections, the number of spectral characterizations and the number of stars observed. This study focuses primarily on the component of the simulation framework which calculates the amount of integration time which is required to make the decision of whether a planet is present in the field of view.
In an actual planet-finding mission, one of the most important scheduling decisions will be exactly how long to observe any given system before moving to the next. If a planet signal is detected during an observation, it is likely that the mission rules will call for an extended observation for the purposes of confirmation and spectral characterization. However, if no planet is detected, there must be a point at which it is assumed that no observable planet exists in that system at that time. It has been demonstrated that, assuming a critically sampled optical system, we can calculate the amount of integration time required to guarantee an arbitrarily low false positive and false negative rate. 4 By employing an algorithm of this sort, we can ensure that we are spending enough time on any given system to ensure that we find the planets which are there, without wasting time looking for planets that our instrument cannot detect.
Following Ref. 4 , we treat the photons received at pixel j of the detector array as a random variable of the form
where C p and C b are the mean photon count at the pixel centered on the point spread function (PSF) and mean background photon count at all pixels, respectively,P is the normalized, non-dimensionalized PSF, and ν is the photon noise. We assume that the background contribution is either known, or can be estimated within the same integration period from pixels in the field of view without a planet signal, and can thus construct a linear, unbiased estimator for C p of the form
where S is the set of pixels containing the planet PSF. For pixels without a planet, the variance of this estimator (σ Figure 1 . Historical distribution of solar system zodiacal dust levels. 6 The distribution is log-normal with geometric mean of 1.55.
Since we can model the spectra of our target stars and the starlight suppression capabilities of our instruments, all that is needed to calculate C p is some minimum planetary brightness. We can model this by assuming a limiting Δmag-the difference in magnitude between a planet and target star beyond which our instrument cannot detect the planet signal due to systematic limitations. 7 This assumption gives us the minimum number of photons we would expect to collect from a planet about a given target star. The background contribution can be split into three major components: starlight remaining from the suppression system (i.e., speckle), detector dark current and readnoise, and the contribution of zodiacal and exozodiacal light. For zodiacal light, we have observations and models which allow us to approximate the background contribution as a function of the target star's ecliptic latitude.
8 Unfortunately, the exozodi levels for the entire pool of target stars used in our simulations are not yet known. Here, we must assume either a constant exozodi level, or some distribution of exozodis. * Since a primary goal of many of the direct detection mission concepts is the discovery of Earth-like planets, we simulate planetary populations composed of Earth twins, and it thus makes sense to model an exozodi distribution similar to that of our solar system, throughout its history. As presented in Ref. 6 , based on measurements of seafloor sediment isotope concentrations, the historical distribution of zodical dust in the solar system (over the last 80 Myr) is roughly log normal, with a mean of 1.55 zodi (Figure 1 ). It is predicted that 95% of solar analogs will have zodiacal dust levels in the range of 0.7 to 3.3 zodi, under the assumption that their asteroid and comet populations are similar to those of our solar system. 6 As a first step in evaluating the effects of exozodi, we can perform simulations of missions with fixed target pools, planetary populations and instrument and observatory architectures, and varying distributions of exozodi.
In the following sections, we will use the THEIA planet-finding mission concept 9, 10 because it is the design for which we currently have the most complete description of both the optical system and the relevant observatory subsystems. THEIA is a 4m circular on-axis telescope, flying in formation with a 40m starshade, which blocks light from the target star with no decrease in throughput of planet light down to angular separations of 75mas. The eXtrasolar Planet Characterizer (XPC) instrument is composed of multiple narrow-field cameras covering the wavelength range of 250 to 1000nm, with high quantum efficiency, low readnoise CCDs. The two spacecraft operate in two regimes -separated by 55000km when covering the 250-700nm band, and by 35000km when covering the red portion of the spectrum. The starshade is propelled using high efficiency NEXT ion thrusters, and is capable of carrying up to 2930kg of propellant for its 5 year primary mission. Integration times for planetary detection with 0.1% false positives, and spectral characterizations with S/N = 11 at the 760nm O2 feature with resolving power R = 70. The planet is assumed to be 25 magnitudes fainter than the target star, and targets are ordered with decreasing magnitude. The legend numbers are the exozodi levels in zodi. * Note that the actual magnitude of background signal due to zodiacal light is a function of the assumed zodi level, the ecliptic latitude of the target, the orientation of the target system's plane of ecliptic with respect to the line of sight, and the target star's magnitude. The exozodi level is merely a measure of the zodical dust density in the target system and does not map to a single magnitude value. The unit zodi represents the current density of the solar system zodiacal dust cloud.
EFFECTS OF VARYING EXOZODI
Using a target pool of 117 stars, selected based on the instrument specifications, 3 we can calculate the detection and spectral characterizations times for varying levels of exozodi. Figure 2 shows the required integration times to detect and spectrally characterize an Earth-twin about each of target stars, assuming the planet is 25 magnitudes fainter than the target star, with exozodi levels at the mean and 2 σ levels of the historical zodi distribution for the solar system.
6
These plots illustrate quite well how the different approaches to detection and characterization (bayesian inference vs. integrating to a pre-determined signal-to-noise ratio) are affected by varying the exozodi magnitude with a fixed planet signal. Despite the proportionately larger increase in detection integration time for lower magnitude stars, however, these all remain below 30 hours. On the other hand, the integration times required for characterization quickly stretch to many months, regardless of exozodi levels. From this, we can predict that while increased exozodi levels may decrease the number of detections, this effect probably won't be too dramatic unless the exozodi is present at much higher levels than found in the historical distribution of the solar system zodi over the last 80 Myr, since most targets will have observing seasons of multiple days. At the same time, because the only detections that will lead to complete spectral characterizations will be of bright planets around stars with long observing seasons, the increased characterization integration time should similarly lead to a relatively small decrease in the number of full spectra attained throughout the mission.
We can test this hypothesis by producing ensembles of full mission simulations with varying exozodi levels. Doing so for 1.55 and 3.3 zodi, produces a difference of 5%, on average, in the number unique planets found, and 3.5% in the number of total detections over the course of the mission. The number of spectra acquired also changes quite modestly, with a difference of 6%, on average, biased towards simulations with higher frequencies of planets, as shown in The most significant differences in the two simulation ensembles occur in the amount of observation time and the number of targets visited. As shown in Figure 4 , the amount of time spent on planet-finding/characterizing observations increases by two months, on average, between the 1.55 and 3.3 zodi simulations. While this represents only 3% of the alloted 5 years, we must keep in mind that for a design featuring a starshade, the majority The number target stars observed at least once in the course of the mission. These plots correspond to the simulation described in Figure 3 .
of the mission time is spent repositioning the starshade between target stars. For the design simulated here, only 20-30% of the mission time was planned for planetary observations. Because of this, the increase in observation time leads to a decrease in the number of targets that can be observed within the primary mission. Longer observation times for observatories with starshades also lead to longer station-keeping times versus transit slew times which can be a very important factor in the mission design. For example, the THEIA design used here employs a separate propulsion system for station-keeping, which uses a different type of fuel from the slewing propulsion system. An incorrect assumption as to how much observation time is required could lead to major problems. Since the mission cannot proceed without adequate supplies of each propellant type, budgeting too much or too little observation time may lead to the mission ending early. The differences in observation times due to varying the assumed exozodi levels lead to differing requirements on the propellant carried by the starshade ( Figure 5 ). Thus, while it seems that as long as exozodi levels do not typically exceed those found in our own solar system's past, we should be able to achieve the primary goal of finding and characterizing planets, we will lose some of the science yield associated with observing a larger sample size if exozodi levels verge towards the high end of this distribution. At the same time, any large ambiguity in the expected exozodi levels will make mission design and planning much more difficult.
If we consider exozodi levels outside the 2 σ level of the solar system's historical distribution, as expected, all science yield metrics produce lower results. At 10 zodi exozodiacal concentrations, the mission simulations produce, on average, 19% fewer unique detections, 17% fewer total detections, and 26% fewer spectral characterizations (as compared with the 1.55 zodi simulations). More significantly, in simulations where Earth-like planets are assumed to be rare (η ⊕ < 0.2), almost 18% of all mission simulations have zero spectral characterizations, which means that if high exozodi levels are common and planets are rare in our target pool, there is a real danger of being unable to meet a basic mission requirement.
EFFECTS OF CONFUSION
While the last section explored the effects of varying exozodi levels on mission science yield, it did so with the assumption that we would always be able to tell the difference between the background signal and a true planetary signal (i.e., that our detection integration time algorithm could achieve arbitrarily low false positive rates regardless of any structure in the background). This is most likely an overly optimistic assumption, since zodiacal dust can form structures or 'clump', especially in the presence of planets.
1 It is likely that there will be observations where C b cannot be accurately estimated in the time given by the algorithm described above, or will vary significantly throughout the field of view. This will lead to an increase in the number of false positives, which will require additional integration time to resolve.
A simple approach to modeling these effects is to increase the number of false positives generated in our simulations, while leaving the same integration times for detections as before. This approximates the situation where a planet signal is found in the data due to mischaracterization of the background. In the simulations in §3 the false positive rate used to calculate detection integration times was also used to generate false positives in the simulations of observations. A sufficiently low rate of false positives (1% divided by the number of expected observations over the course of the mission) was selected so that zero false positives were generated for all mission simulations. Now, we decouple these two values, leaving the same low rate for the detection time calculation, but increasing the rate at which false positives are generated in the simulation.
False positives can be generated in the simulation when no planet exists in the system being observed, or when a planet exists, but is currently unobservable by our instrument. A third case exists -when an observable planet exists, but a brighter source in the field of view leads to a false positive. Since spectral characterization is required after each detection, it is assumed that this would lead to the detection of the real planet in most cases of this type. It is also assumed that integrating for the full time required for spectral characterization of a planet source of the brightness of the recorded false positive will lead to discovery of the error. With these simplifying assumptions, we have a system in which false positives generated by bright structures in the exozodiacal dust clouds do not directly compete with detections of real planets. Rather, the time spent spectrally characterizing these false alarms takes away from the time available to find real planets.
The effects of introducing an increased rate of false alarms are very similar to those of increasing the mean exozodi level. When 5% of observations which were formerly true negatives are made false positives, the number of total detections changes very little, while the number of unique planets found decreases by 3.4%, while the number of spectral characterizations decreases by about 7.4%. Setting the false positive rate at 10% decreases the number of true detections by 4%, and the number of unique planets and spectral characterizations by 8.7% and 16%, respectively ( Figure 6 ). As before, these values reinforce the idea that a planet-finding mission, even for Earth-like planets, is not impossible without detailed prior knowledge of the exozodiacal dust distributions of our target stars, although any increase in such knowledge will help greatly in mission design and planning. 
CONCLUSIONS
We have utilized our mission simulation framework, along with a detailed description of the THEIA planetfinding mission concept to evaluate several possible effects related to unknown distributions of exozodiacal dust on exoplanet observations. In considering uniform exozodi levels, distributed according to the historical distribution of zodiacal dust in our solar system, we find no significant decrease in science yield up to zodi levels at the 2 σ point of this distribution. At much higher levels (ten times current solar system dust density), we begin to loose planetary detections and characterizations, with a significant possibility of zero spectral characterizations at η ⊕ values below 0.2. We also model the possible effects of confusion due to clumped dust structures in exozodiacal disks by introducing arbitrary false positive rates into our simulations. This also leads to a decrease in the science yield metrics of planet detections and characterizations, but produces non-zero numbers of detections even with η ⊕ = 0.1 at false positive rates of 10%.
While these are encouraging results, a very important issue not considered here, but reserved for future study, is the simultaneous estimation of source and background signals. That is, rather than assuming that C b is known, we can reformulate the detection integration time calculation to treat C b and σ b as unknowns which must be estimated along with C p . This may significantly increase integration times, but will address the problems of unknown exozodi levels and the possibility of missing planets because integration has been halted prematurely due to a false positive. At the same time, it is important to consider the actual methods which will be used to extract signals from the data, and to model more accurately how they will deal with non-uniformities in the exozodiacal disks.
